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1. Introduction 
 
Multichannel fiber Bragg grating (FBG) filter has been widely applied in the dense 
wavelength division multiplexing (DWDM) systems, owing to its powerful capacity offering 
a high number of channels of identical spectral performance for wavelength filtering [1, 2]. 
Generation of dual-wavelength using passive and active semiconductor waveguides has 
attracted many research interests recently [3, 4]. They are well known to be useful for 
applications in the field of optical fiber sensors [5, 6] Zhou et al. have proposed a stable dual-
wavelength laser based on cascaded fiber Bragg gratings [7], whereby the laser wavelengths 
are determined by the fiber Bragg gratings (FBG) and thus the wavelength spacing is fixed by 
the center wavelengths of the FBGs pair. Another configuration of tunable dual-wavelength 
is demonstrated in [8], wherein a high birefringence FBG stabilizes a dual-wavelength laser 
produced when the polarization state of each wavelength is altered using a polarization 
controller. A large number of researchers have investigated the distinctive properties of 
photonic crystal fibers, such as wide range single mode operation, dispersion flexibility, large 
mode area and its application in multi-wavelength generation [9-12]. In most cases, these 
properties were proven to be wavelength dependent and equivalent to the behavior of 
wavelength-selective filters [13, 14]. 
  
Microring resonator (MRR) based optical mirrors and band-limited reflectors have been 
the subject of much investigations in recent years, primarily as a result of advancements in 
fabrication technology and miniaturization of integrated devices [15-17]. MRRs fabricated 
using planar waveguide technology are well suitable for synthesizing optical filters due to 
their high-contrast spectral sensitivity, in particular when lossless materials are used [18, 19]. 
Abstract— Here we show a photonic design for tunable dual-wavelength generation 
deploying optical nonlinear mode coupling of two coupled III-V semiconductor microring 
resonators (MRRs) connected to a pump and drop waveguide buses. Here one of the two rings 
contains a grating, while the other has a planar surface. The underling mechanism for the dual 
wavelength generation originates from the resonance-detuning of the spectra resulting in non-
linear mode mixing. Tunability of the wavelengths is achieved by altering the grating depth of 
the MRR and the power coupling coefficients. For the grating design of the MRR we select a 
trapezoidal-profiled apodized grating to gain low reflectivity at sidelobes. A time-domain 
travelling wave (TDTW) analysis gives a InGaAsP core refractive index of 3.3 surrounded by 
a grating InP cladding with n=3.2. We further confirm that the propagation of a Gaussian 
pulse input with 10 mW power and bandwidth of 0.76 ps is well confined within the mode 
propagation of the system. Taken together our results show a 2:1 fan-out of two spectrally 
separate signals for compact and high functional sources on chip. 
Due to the resulting high quality (Q) factors and compact sizes of these waveguide 
microresonators, low-loss optical add/drop channel filters can be built [20, 21]. Among the 
existing biological and chemical sensors, sensors based on integrated optical waveguides 
have been demonstrated to possess a promising performance. These include planar optical-
waveguide sensors [22], directional coupler sensors [23], Mach–Zehnder interferometric 
sensors [24], grating-coupled waveguide sensors [25, 26], and microresonator sensors [27-
31]. In order to minimize the smallest detectable wavelength shift, high Q cavities and a low 
noise detection system is required. A high Q-factor results in narrow spectral peaks. To keep 
the waveguide single mode and total internal reflection guiding is required to have very small 
bend radii [32, 33]. In this research, we propose a coupled MRR system consisting of two 
MMR resonators made of InGaAsP/InP semiconductor, where the drop bus waveguide has a 
grating in the core area, while the input MRR does not (Fig. 1). To analyze this system, we 
use the time-domain travelling wave (TDTW) method, which has previously been deployed 
to model and simulate both passive and active MRRs [34, 35]. TDTW is based on solving 
advection equations, and the reader is referred to material from Carroll et al. detailed in 
references [36, 37]. This method is applicable to characterize the spectral responses of the 
optoelectronics devices as followed here. Our solver is PICWave from Photon Design [38]. 
In the following we study coupled this design-asymmetric MRRs and show functionality to 
generate two spectrally different (dual) wavelengths. Next, we discuss the underlying 
physical principle and show the performance sensitivity of the system.  
 
 
2. Proposed Coupled Microring Resonators (MRRs) 
 
The device consists of two coupled MRRs with different group velocities and effective 
indices; that is the MRR near the input is a regular photonic waveguide-based ring, while the 
MRR near the drop output is augmented with a polarization sensitive grating. With our aim to 
generate not a frequency comb, but two specific and selective (on-demand) spectral output 
wavelengths, we select two coupled resonators, but detuning one from the other by 
augmenting it with grating (Fig. 1). Each ring generates a frequency comb based on its free-
spectral-range (FSR), where the visibility of the fringes depends on the rings’ quality (Q) 
factor. The grating detunes the respective resonance peaks from the two MRRs, such that 
they can interfere. Upon constructive interference, the signal mixed output is generated, while 
deconstructive interference reflects the signal at κ2, which effectively reflects the signal.  
Therefore a periodic resonance can be generated for each reflection spectrum. The grating 
section is providing the means to suppress repetition of the reflection spectrum and will allow 
oscillations at a limited number of specific frequencies only [39]. Therefore, a comb of 
resonances can be generated resulting from the Fourier transform of the created periodic 
grating in the MRRs structure. Since the optical mode overlaps with the grating, this modal 
interference is design-tunable; for instance, selecting a different medium as top cladding or 
altering the different grating periods causes generation of different resonance spacing. Such 
tunability is interesting for laser sources, and other spectral sensitive applications, as further 
discussed in the conclusion section below [35, 40].  
 
 
Fig. 1. (a) Schematic diagram of the MRR semiconductor structure, each of the MRR has 
circumference of 50 µm and the MRR coupled to the drop bus waveguide has grating in the 
core area, (b) InGaAsP/InP profile 
 
The MRRs are made of InGaAsP/InP semiconductor with InGaAsP core having refractive 
index of 3.31 surrounded by InP (n=3.18). The used semiconductor layers sequence (from top 
to bottom) is shown in Table 1,  
 
Table 1: MRR semiconductor layers sequence (from top to bottom)   
 
 
 
The input optical field (Ei) of the Gaussian pulse is given by [41] 
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where, the pulse width T0 (related to the pulse full width at half maximum (FWHM) by 
TFWHM ≈ 1.665 T0) increases with z (the pulse broadens) according to 
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and, consequently, the peak power changes, due to group velocity dispersion (GVD), are 
given by: 
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In Equations 2 and 3, the quantity 2
2
0 βTLD =  is the dispersion length [42] of the Gaussian 
pulse and 2β  is the second order coefficient term of the Taylor expansion of the propagation 
constant [43, 44]. When Gaussian pulse propagates within the coupled MRRs, the resonant 
output is formed for each round-trip [45, 46]. Both MRRs have same radius of 8 µm, and the 
power coupling coefficients are κ1=κ2=κ3=0.1. The linear absorption coefficient is 
α=0.5(dBmm-1) and the effective area is 3.03 µm2. Widely tunable laser diodes are important 
components as high-speed light source for wavelength-division-multiplexing (WDM) optical 
networks and future optical switching application. We have applied an apodized grating on 
the MRR with total circumference of 50 µm (each MRR’s radius is 8 µm). The grating 
applied to the MRR has a trapezoidal profile as shown in Figure 2. The trapezoid style may 
be used to define useful grating shapes including square, triangular and sawtooth. 
Mathematically, the grating period can be calculated according to the Equation (4) [47]. 
  
Λ= 2/ effnλ           (4) 
 
Where, neff  is the mode effective index, λ is the Bragg wavelength and Λ is the grating 
period. In this research, neff =3.28 and λ=1.55 µm, therefore the grating period is Λ=0.236 
µm. 
 
 
 
Fig. 2. Z position/period, schematic showing the cross section of one period of a grating 
structure for a trapezoidal style grating shape, where the grating period is 0.236 µm (center 
wavelength is 1.55 µm), Z1=0.1, Z2=0.3, Z3=0.4 are all fractional values of the grating 
period, the refractive index below the grating surface is that of the grating layer and the index 
above the surface is that of the layer above. 
  
 
The fabrication of apodized Bragg gratings has raised much interest because of its reduced 
reflectivity at sidelobes. It therefore increases the quality of optical filters and improves the 
dispersion compensation by simultaneously reducing the group-delay ripples. The side-band 
reflection peaks can be problematic for many applications, causing crosstalk in WDM 
systems, instabilities in Q-switched fiber lasers and linewidth broadening in high power fiber 
lasers. To eliminate these unwanted side-bands it is necessary to fabricate gratings with an 
apodized profile, where the grating strength varies as a function of length and is typically 
weaker at both ends of the grating. Apodized gratings offer significant improvement in side-
lobe suppression while maintaining reflectivity and a narrow bandwidth. In practice, one 
apodizes the reflection spectrum by gradually increasing and then decreasing the grating 
strength along the waveguide. For nonphotosensitive materials the grating is formed by 
varying the waveguide dimensions, and the grating’s depth and duty cycle determine its 
strength. The fabrication process for apodized gratings must allow one or both of these 
parameters to vary [48]. 
  
The introduced model allows gratings to be apodized, and also allows phase shifts to be 
introduced between gratings in adjacent sections. In this research, dual-wavelength can be 
generated with different fraction of the minheight (grating depth), therefore, different grating 
depth can be applied to the coupled MRRs system. Different grating depth causes the dual-
wavelength generated at the throughput and drop ports have different spacing range from 0.2 
to 1.43 nm. The changes in dual-wavelength spacing causes this system act as sensor device 
with sensitivity which is depending on the refractive index of the top cover cladding. In this 
research, MRRs with a grating section are used to generate comparative outputs using a very 
compact system and ability to make the proposed system in chip.  
 
 
3. Result and Discussion 
 
The propagation of the input pulse (with 10 mW power, FWHM of 0.76 ps and center 
wavelength of 1.55 µm) within the MRR semiconductor is shown in Figure 3.  
 
 
Fig. 3. (a) The propagating mode profile of the input pulse within the MRRs semiconductor, 
where the effective cross section of the mode propagation is 3.03 µm2 and the effective index 
is 3.28, (b) mode profile of the waveguide with sloped sidewall 
 
As we can see from the Figure 3, there is a good confinement of the input light inside the 
MRR waveguide. The throughput port outputs of the MRR is shown in Figure 4. The dual-
wavelength with tunable spacing within a range of 0.2 nm (26 GHz) to 1.43 nm (178 GHz) 
could be generated by the variation of the minheight fraction or grating depth on the MRR 
coupled to the drop bus waveguide. 
 
 
 
Fig. 4. Throughput port outputs, (a) minheight=0, (b) minheight=0.1, (c) minheight=0.2, (d) 
minheight=0.3, (e) minheight=0.4, (f) minheight=0.5, (g) minheight=0.6, (h) minheight=0.7, 
(i) minheight=0.8, (j) minheight=0.9, (k) minheight=1 (no grating applied) 
 
The fraction varies between 0 and 1, thus if it is “1” this means that no grating has been 
applied to the MRR. Figure 5 shows the dual-wavelength spacing versus minheight fraction 
(grating depth) for the throughput port outputs.  
 
Fig. 5. Dual-wavelength spacing versus minheight fraction (grating depth) for the throughput 
port outputs 
 
Therefore, when there is no grating applied to the MRR, the spacing is maximum and it 
decreases when grating applied depends on the minheight fraction. Figure 6 shows the dual-
wavelength spacing versus power coupling coefficient (κ1=κ2=κ3) of the MRRs which varies 
between 0.1 and 0.9 for the throughput outputs. In this case the minheight fraction is selected 
to 0.3. 
 
Fig. 6. Dual-wavelength spacing versus power coupling coefficient of the MRRs (throughput 
outputs) 
 
Figure 7 shows the drop port outputs. The multi wavelengths could be generated. The 
pulse centered at 1549 nm shows a dual-wavelength, owing different dual spacing with 
different minheight fractions as 0.4, 0.6, 0.8 and 1, therefore the spacing of the dual-
wavelength varies between 0.46 and 1.43 nm.   
  
Fig. 7. Drop port outputs, (a) minheight=0.4, (b) minheight=0.6, (c) minheight=0.8, (d) 
minheight=1 
 
The dual-wavelength could be generated at the drop port output signals. When the 
intensity difference between the two 'wavelengths' in each dual-wavelength is insignificant 
(less than 1 dB), this is just considered as a single pass band of the filter. Therefore, the 
minheight fraction has been selected between 0.4 and 1. Figure 8 shows the dual-wavelength 
spacing versus minheight fraction for the drop port outputs.    
 
Fig. 8. Dual-wavelength spacing versus minheight fraction for the drop port outputs 
 
 
4. Conclusion 
 
This system is able to generate dual-wavelength with tunable spacing in the range of GHz in 
frequency domain. Further study can be done on this topic based on generating of millimeter 
wave with GHz center frequencies using the generated dual-wavelengths. By beating the 
closely center wavelengths of the dual-wavelength, we can obtain center frequencies in 
millimeter wave range corresponds to that of spacing. The system of InGaAsP/InP coupled 
semiconductor MRRs owing apodized grating sections has been used to generate a dual-
wavelength with tunable spacing ranges from 0.2 nm (corresponds to 26 GHz) to 1.43 nm 
(corresponds to 178 GHz). The InGaAsP/InP coupled MRRs is consisting of two MRRs, 
where the MRR coupled to the drop bus waveguide has grating in the core area. The total 
circumference of each MRR is 50 µm. The simulated results are based on the time-domain 
travelling wave (TDTW) method. We investigate the propagation of an input Gaussian pulse 
with a 10 mW power and a bandwidth of 0.76 ps within the proposed coupled MRRs system. 
This system is able to generate dual-wavelength with spacing in the range of GHz in 
frequency domain. Stable, single-mode, dual-wavelength lasers have important applications 
in fiber sensors. The beat between the two laser wavelengths will generate the millimeter 
wave which can be used in optical communications. In this research the spacing of the 
generated dual-wavelength varies to the grating depth which is presented by the minheight 
fraction. The different profile of the grating will affect the outputs of the coupled MRRs, and 
consequently, will varies the spacing between the two center wavelengths in a dual-
wavelength. Spectral tunability of cavities is an enabling functionality for next generation 
integrated nanophotonic devices and circuits to include light sources and emitters [49-51], 
reconfigurable switches and modulators [52-59], surface-sensitive devices [60], and 
application in on-chip data communication [61,62] ideally with nanoscale footprint for high 
electro-optic device efficiencies [63,64]. For instance, the MRRs either can therefore be used 
as sensor devices based on an evanescent wave interacting with the surrounding cladding of 
the system made of semiconductors or be used to generate millimeter wave used in optical 
communications [61,62]. 
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